Disorders of keratinization (DOK) show marked genotypic and phenotypic heterogeneity. In most cases, disease is primarily cutaneous, and further clinical evaluation is therefore rarely pursued. We have identified subjects with a novel DOK featuring erythrokeratodermia and initially-asymptomatic, progressive, potentially fatal cardiomyopathy, a finding not previously associated with erythrokeratodermia. We show that de novo missense mutations clustered tightly within a single spectrin repeat of DSP cause this novel cardio-cutaneous disorder, which we term erythrokeratodermia-cardiomyopathy (EKC) syndrome. We demonstrate that DSP mutations in our EKC syndrome subjects affect localization of desmosomal proteins and connexin 43 in the skin, and result in desmosome aggregation, widening of intercellular spaces, and lipid secretory defects. DSP encodes desmoplakin, a primary component of desmosomes, intercellular adhesion junctions most abundant in the epidermis and heart. Though mutations in DSP are known to cause other disorders, our cohort features the unique clinical finding of severe whole-body erythrokeratodermia, with distinct effects on localization of desmosomal proteins and connexin 43. These findings add a severe, previously undescribed syndrome featuring erythrokeratodermia and cardiomyopathy to the spectrum of disease caused by mutation in DSP, and identify a specific region of the protein critical to the pathobiology of EKC syndrome and to DSP function in the heart and skin.
Introduction
Disorders of keratinization (DOK) are a severe and diverse group of skin diseases characterized by generalized or localized scaling frequently associated with significant morbidity and, more rarely, with mortality, particularly in disorders with severe perinatal presentations or associated systemic abnormalities. Over 70 genes have been shown to cause keratinization disorders, yet they explain only a portion of the heritability for DOK, which demonstrate substantial locus and phenotypic heterogeneity. We have established a large cohort of comprehensively phenotyped DOK kindreds, and have employed targeted and exome sequencing to achieve genetic diagnoses and to identify a cohort of subjects without mutation in known genes. Further clinical characterization of these individuals has revealed unique phenotypes, and these data provide strong evidence for heretofore unrecognized genetic determinants of DOK, and the potential to further advance the molecular understanding of these debilitating disorders.
Desmosomes are intercellular junctions that play a critical role in cell-cell adhesion, tissue integrity, and differentiation in the epidermis. Desmosomal cadherins have extracellular interactions with their counterparts on neighboring cells and intracellular interactions with the armadillo proteins plakophilin and junctional plakoglobin (PKP1-3 and JUP, respectively). PKPs and JUP interact with desmoplakin (DSP), which also binds intermediate filaments (e.g. desmin in muscle cells, keratins in skin, hair, and nails), completing the link between the cytoskeleton and extracellular adhesion plaques (1, 2) . Desmosomes also interact with microtubules via association of DSP with microtubulebinding protein end-binding 1, modifying microtubule organization and dynamics at sites of cell-cell contact, and mediating localization and function of gap junction proteins, including connexin 43 (Cx43) (3, 4) . Cx43 is the most widely expressed connexin (5) , with expression in cardiomyocytes and smooth muscle cells of the heart (6) , and throughout the epidermis, with predominant expression in basal proliferating cells (7) .
Results

Clinical phenotypes
Analysis of exome data from the DOK cohort revealed that three subjects (index cases 614, 244 and 380) were heterozygous for tightly clustered missense mutations in the same candidate gene. Upon further examination of these subjects, consistent clinical features were identified that have not previously been observed in other disorders featuring erythrokeratodermia.
Index case 614 was noted to have sparse, coarse hair at birth with otherwise normal skin, but developed an intertriginous eruption shortly after birth, which generalized to become persistent pruritic erythrokeratodermia unresponsive to topical or systemic immunomodulatory agents (methotrexate, prednisone), oral retinoids, and antihistamines ( Fig. 1A and B) . He experienced failure to thrive, at 3rd percentile for height and 15th percentile for weight at 2.5 years of age. Serum IgE and eosinophil count were normal, as were biochemical and metabolic profiles, save mild zinc deficiency. His palms and soles were slightly thickened with frequent peeling and cracking (Supplementary Material, Fig. S1A ), and scalp hair was absent. Histologic examination of the skin showed psoriasiform acanthosis, hypogranulosis and compact orthohyperkeratosis (Fig. 1J ). Hearing and vision were normal. Dental exams noted marked enamel defects, with recurrent caries of primary teeth and soft, chalk-like, poorly mineralized enamel. He had onychodystrophy of all nails (Fig. 1G ). At age 2 he was noted to have a systolic murmur and echocardiographic evaluation revealed mild left ventricular dilation. At age 3 he had an acute episode of dyspnea, leading to the discovery of cardiomegaly and pulmonary edema on a chest radiograph. Subsequent echocardiography showed marked left atrial and ventricular dilation and right ventricular dilation with an ejection fraction of 20%, and he died of heart failure after a brief hospitalization. Index case 244 was noted to have severe congenital erythrokeratodermia, with scant eyebrow, eyelash and scalp hair ( Fig. 1C and D) . In infancy and early childhood he exhibited failure to thrive, dystrophy of all fingernails and toenails (Fig. 1H) , fissuring and cracking of the palms and soles (Supplementary Material, Fig. S1B ), and pruritus unresponsive to high doses of antihistamines. After age 1 he developed large hyperkeratotic plaques on the extensor surfaces of the extremities, and fissuring on ankles and wrists. Laboratory evaluations including complete blood count, biochemical and metabolic profiles, zinc, calcium, phosphorus, IgE, and vitamin D levels were within normal limits. Skin histopathology showed psoriasiform hyperplasia, parakeratosis, reduced granular layer, and intraepidermal neutrophils. At age 2 he developed progressive enamel defects, with lack of incisal edge, dentine exposure, and erythema of the gingival margin (Fig. 1I ). X-rays revealed absence of many secondary teeth. Treatment with oral acitretin at doses ranging from 0.5 to 2 mg/kg throughout his life, a 2-month course of cyclosporine at 0.5 mg/ kg, and multiple topical steroids failed to improve erythroderma or pruritus. Cardiac examination at 3.5 years revealed slight left ventricular dilation (Z +2.7) which progressed by age 7, with more pronounced left ventricular dilation (Z +4.9) and new right atrial dilation (Z +3.6), but preserved ventricular function. At birth he had four-limb spasticity that resolved over the first year of life, and photophobia that persisted, with development of large corneal opacities and severe visual impairment. There were no structural brain abnormalities noted on MRI, though developmental milestones are delayed, and at age 8 he is only able to pronounce simple sentences in a hoarse voice despite normal hearing.
Index case 380 was born with tight, red, cracked skin at birth and was noted to have sparse eyebrow, eyelash and scalp hair ( Fig. 1E and F) . She developed confluent erythrokeratodermia with peeling and fissuring of the palms and soles (Supplementary Material, Fig. S1C ) and later grew sparse, coarse, wiry scalp hair without regrowth of eyebrows or eyelashes. She had dystrophy of all nails. Growth and development were normal, with height and weight consistently at the 75th percentile. Complete blood count was normal, without evidence of eosinophilia. Extensive RAST testing was negative except for cat allergy, and immunoglobulins including IgE were normal. Topical and systemic steroids worsened her erythroderma and pruritus. Oral acitretin improved scaling, though she remains erythrodermic. Dental examination revealed congenital absence of 11 secondary teeth, gingival recession and erythema, and poor mineralization of primary teeth, with widespread caries. Echocardiogram revealed a moderately dilated left ventricle (Z +4.4) with low normal systolic function. Histologic examination revealed psoriasiform hyperplasia and compact orthohyperkeratosis with a diminished granular layer.
DSP mutations
All three of these subjects were heterozygous for tightly clustered missense mutations in DSP: Q616P, H618P and L622P, respectively (Supplementary Material, Table S1 ). Sanger sequencing confirmed these mutations and showed that none were present in the unaffected parents of the subjects; thus, these mutations arose de novo (Supplementary Material, Fig. S2 ). None of these DSP mutations were found in ∼2500 control exomes or in public databases of human variation, including the Broad Institute ExAC database which includes exome data from >60 000 unrelated individuals. All three mutations substitute proline for the native amino acid, and are clustered in exon 14 within a span encoding seven amino acids, at sites completely conserved in orthologs ( Fig. 2A) . The observation of three novel, clustered, de novo missense mutations in subjects with a consistent syndromic phenotype, which we term erythrokeratodermia-cardiomyopathy (EKC) syndrome, establishes the pathogenesis for this previously undescribed disorder is dominant mutation in DSP.
DSP is a 2871 amino acid plakin protein, consisting of six spectrin repeats (SRs) at its N-terminus, a rod domain which is largely absent from the isoform predominantly expressed in stratified epithelia (DSPII), and three tandem plakin repeat regions at the C-terminus (8, 9) . The N-terminal SRs, each of which consists of three α-helices forming an antiparallel triple-helical bundle and connects to a successive SR with an α-helical linker, are traditionally numbered by their homology to the SRs within plectin, another plakin protein; consequently the six SRs in DSP are labeled 3-6 and 8-9 (8). The C-terminal plakin repeats are labeled A-C. The N-terminus of DSP interacts with the PKPs and JUP, and the C-terminus mediates binding to intermediate filaments (9) . Several other cardiac and/or cutaneous disorders, with both recessive and dominant inheritance, are known to be caused by mutations in DSP ( Fig. 2B and Supplementary Material, Table S2 ). Both the type and the location of mutations determine the resulting phenotype.
The DSP mutations in our EKC syndrome subjects are tightly clustered within SR6, and the crystal structure for the N-terminal portion of DSP confirms close proximity within its third α-helix, close to the termination of the helix (Supplementary Material, Fig. S3 ) (8) . All three mutations substitute the native residue with proline, which is a strong α-helix breaker and thereby likely disrupts the conserved helical structure (10). Unlike most SRs, which transition from one to the next within an α-helix, DSP SR6 and SR8 are connected by a non-helical linker. The EKC syndrome mutations occur within 5-11 amino acids of the native proline which terminates SR6. This clustering, and the consistent substitution of proline at mutation sites, suggest a common pathological mechanism unique to a small region of the large DSP protein.
Immunolocalization studies
To examine the consequence of these mutations, we stained normal skin and skin from an EKC syndrome subject (case 614, with DSP mutation Q616P) for desmosomal proteins DSP, DSG1, and JUP, and intermediate filament keratin KRT10. Staining revealed that while all are present in affected tissue and localize to intercellular junctions, overall signal intensity is reduced, with more diffuse localization. In particular, staining for DSP demonstrated that while normal skin shows strong suprabasal intercellular localization (Fig. 3A) , suprabasal affected skin shows less intense intercellular staining with accumulation of membrane-associated and intracellular focal aggregates (Fig. 3B ). DSG1 staining is strongly suprabasal at intercellular junctions in normal skin (Fig. 3C ) and less tightly localized to intercellular junctions in affected tissue (Fig. 3D) . Finally, JUP staining is tightly localized to intercellular junctions of suprabasal cells in normal skin (Fig. 3E ) but in affected skin remains cytoplasmic and diffuse in basal cells, with weaker, more diffuse intercellular localization in suprabasal cells (Fig. 3F) . Notably, staining for KRT10, a marker of differentiated keratinocytes, is retained in affected tissue and found to be strongly suprabasal and cytoplasmic, as in normal tissue ( Fig. 3G and H) .
To further explore the molecular phenotype of EKC syndrome mutations, the expression of gap junction protein Cx43 was examined. Staining of normal skin shows suprabasal punctate and linear intercellular membrane localization of Cx43 (Fig. 4A) , whereas in affected skin, membrane staining intensity is diminished, and intercellular localization appears more diffuse (Fig. 4B) . Additionally, wild-type and mutant GFP-labeled DSP constructs were expressed in primary human keratinocytes, and Cx43 membrane intensity was quantified. Both constructs expressing a DSP mutation (H618P, L622P) demonstrate Cx43 membrane intensity reduced to <80% of that observed in cells expressing wild-type DSP (P < 0.01) (Fig. 4C) .
Electron microscopy studies
Transmission electron microscopy was performed to evaluate effects of DSP mutation on desmosome structure and lipid processing within the epidermis. Post-fixed tissue sections from index case 614 were treated with osmimum tetroxide to examine desmosomal structure, revealing that while desmosomes are present and have normal ultrastructural appearance in both basal and suprabasal epidermis, with electron dense plaques bordering a lucent central band, their number is reduced in suprabasal layers. This is likely due to marked aggregation of desmosomes either via shedding or internalization seen in spinous layer keratinocytes (Fig. 5A) . Loss of desmosomes leads to widening of intercellular spaces in suprabasal cells (Fig. 5B) . Despite desmosomal abnormalities, corneodesmosomes are intact and are normal both in structure and number (Fig. 5C ). Marked deficits in lipid processing and secretion are also observed on ruthenium tetroxide staining, with premature secretion of lamellar bodies which have defective structure and supramolecular organization (Fig. 5D ).
Discussion
We have shown that previously unreported, dominant, de novo missense mutations in DSP cause EKC syndrome, a previously undescribed syndromic form of erythrokeratodermia and cardiomyopathy, with additional consistent phenotypic features including dental enamel defects, absence of secondary teeth, and nail dystrophy. The genotypes, phenotypes, and changes in the expression and localization of desmosomal components in EKC syndrome are distinctly different from those of other disorders caused by mutation in either DSP or other genes encoding desmosomal proteins. The tight clustering of mutations within a short segment of SR6 and the consistent substitution of proline for the native residue suggest a unique and specific pathobiology.
Several distinct cardiac and/or limited-cutaneous phenotypes have been reported in subjects with recessive disease due to homozygosity or compound heterozygosity for DSP mutations. Premature nonsense and frameshift mutations (truncation mutations) cause recessive lethal acantholytic epidermolysis bullosa (OMIM #609638), characterized by severe skin fragility, universal alopecia, and profound fluid loss from skin erosions (11) (12) (13) . However, in subjects compound heterozygous for truncation mutations in which one mutation lies within the portion of the rod domain absent from isoform DSPII, a syndrome of bullous dermatosis, palmoplantar keratoderma (PPK), alopecia Human
universalis, and severe cardiomyopathy is exhibited (14) (15) (16) , and in subjects with truncation mutations exclusively within the variable portion of the rod domain or close to the C-terminus, recessive Carvajal syndrome (PPK with woolly hair and cardiomyopathy, OMIM #605676) is observed (17) (18) (19) (20) (21) (22) . Subjects compound heterozygous for a truncation mutation and a missense mutation, or homozygous for a missense mutation, have been described with variations of recessive Carvajal syndrome either more severe (consistent early cardiac lethality, with blistering) (21, 23, 24) or more mild ( palmar-only or minor PPK, curly to woolly hair) (22, 25) , and with recessive skin fragility-woolly hair syndrome (OMIM #607655), distinguished from Carvajal by blistering and lack of cardiac involvement (26) (27) (28) . Dominant phenotypes characterized by either cardiac or cutaneous disease have been reported to result from heterozygosity for a DSP mutation. Heterozygosity for missense or truncation mutations scattered throughout the protein are associated with arrhythmogenic cardiomyopathy without skin findings (OMIM Wild-type (WT) and mutant (H618P, H622P) GFP-labeled DSP constructs were retrovirally expressed in normal human epidermal keratinocytes (NHEKs), and junctional Cx43 fluorescence intensity was quantified. A substantial decline (* = P < 0.01) is observed with EKC syndrome mutations. Data are from three independent experiments with n > 70 borders, normalized to wild-type. P-values were calculated using two-tailed, two-sample unequal variance Student's t-tests. Error bars represent SEM.
Corresponding images are shown in Supplementary Material, Figure S4 . #607450) (29, 30) , which can also be caused by mutations in other desmosomal components (DSG2, DSC2, PKP2, JUP) (2). Heterozygous truncation mutations within SR4, including Q331X and a splice site mutation that results in retention of intron 7 and termination 25 amino acids after the exon 7 donor splice site, cause dominant striate PPK (OMIM #612908) (31, 32) . Additionally, a heterozygous mutation in SR6 in a single individual was reported to cause dominant severe dermatitis, multiple allergies, and metabolic wasting (SAM) syndrome, without evidence of cardiac disease (33) . In three other families described to date, SAM syndrome is recessive and caused by homozygosity for a truncating mutation in DSG1 (34, 35) .
While other dominant DSP mutations cause disease with both cardiac and cutaneous components, the phenotype is significantly different from that of EKC syndrome. Heterozygosity for an in-frame insertion or a missense mutation within SR6 has been shown to cause dominant Carvajal syndrome, which features limited skin involvement (isolated PPK) with woolly hair and cardiomyopathy (OMIM #615821) (36) (37) (38) (39) .
We show that dominant mutations in DSP cause EKC syndrome, characterized by erythrokeratodermia and progressive cardiomyopathy. In addition to the distinct clinical phenotype in EKC, unique pathobiology was also observed when compared to the effects of other mutations within the spectrin repeats of DSP.
Consistent with our findings, other DSP mutations also lead to reduced Cx43 membrane localization in epithelial cells. These include truncating mutations causing bullous dermatosis, PPK, alopecia, and cardiomyopathy (Q673X in SR8, and Q1446X in the DSPI-specific portion of the Rod domain) (14) in which reduced expression of both JUP and Cx43 at epidermal junctional sites was observed in the skin of one subject. Similarly, a missense mutation from a subject with recessive skin fragilitywoolly hair syndrome (N287K, within SR4) severely disrupts normal membrane localization of DSP, impairs PKP1 and JUP binding and cell-cell adhesive strength, and reduces Cx43 membrane localization when expressed in culture. The same study shows that Cx43 localization is also disrupted by mutations from subjects with dominant arrhythmogenic cardiomyopathy (N458Y and I533T, both within the SH3 domain of SR5), but unlike N287K, neither affected normal membrane localization of DSP itself, nor cell-cell adhesive strength (3).
There is a single report of dermatitis, elevated IgE, eosinophilia, and severe allergies without cardiomyopathy in a subject with SAM syndrome due to an H586P DSP mutation, which like our mutations is dominant and lies within SR6, but elevated IgE, eosinophilia, and allergy are not found in any EKC syndrome subject. Immunolocalization studies further differentiate these syndromes. In the SAM syndrome case there is loss of DSP membrane localization with cytoplasmic aggregation, and near complete ablation of DSG1 and KRT10 expression (33) . By contrast, in EKC syndrome we find intercellular localization of DSP with focal membrane-associated aggregates, slightly reduced intercellular DSG1 localization, and normal KRT10 expression. The retained DSG1 expression in EKC syndrome skin, versus its ablation in SAM syndrome skin, is consistent with the other known cause of SAM syndrome: recessive loss of function mutations in DSG1 (34, 35) . Furthermore, DSG1 promotes epidermal differentiation by suppressing EGFR signaling (40) and ERK activation (41); its loss is therefore consistent with the concomitant Human
loss of KRT10, a marker of epidermal differentiation, observed in SAM syndrome skin (33) . By contrast, EKC syndrome skin retains normal KRT10 expression. The extent to which a DSP mutation perturbs DSG1 function and epidermal differentiation is likely a critical molecular mechanism behind the presence of immunologic findings in SAM syndrome, and the absence of these phenotypic features in EKC syndrome.
DSP SR6 is a hotspot for dominant mutations that cause cutaneous disease. In fact, with the exception of the truncation mutations in SR4 that cause striate PPK, all dominant, cutaneous disease-causing mutations in DSP are missense substitutions or in-frame insertions within SR6. Notably, none of the disorders previously known to be caused by DSP mutations feature the profound erythrokeratodermia and ichthyosis observed in our cohort. Additional differences compared to Carvajal syndrome, the dominant form of which is also caused by substitution mutations in DSP SR6, include a more mild PPK, more profound and consistent alopecia, itch, and variable features of failure to thrive, developmental delay, visual impairment, and hoarse voice observed in our EKC syndrome subjects.
While the phenotypic differences between Carvajal, SAM, and EKC syndromes are apparent, explanations for genotypephenotype correlations are more difficult. Both the dominant Carvajal mutations and the SAM mutation occur earlier within SR6 than the EKC mutations, and are distributed across a larger region, between the first and second α-helix to the N-terminal end of the third α-helix (Supplementary Material, Fig. S3 ). The SAM mutation and one of four Carvajal mutations introduce a proline substitution and likely helix-breaker into the second α-helix, and another Carvajal mutation inserts ten residues into sequence encoding the start of the third α-helix. While it might have been tempting to hypothesize simply that earlier disruptions in SR6 lead to Carvajal syndrome whereas later disruptions cause EKC syndrome, the proximity and similarity of the recently reported SAM mutation (H586P) to one of the Carvajal mutations (L583P) reveals that even subtle genotypic differences in SR6 can result in substantial phenotypic differences.
By contrast, dominant mutations (both truncating and missense) scattered throughout the protein cause arrhythmogenic cardiomyopathy, without a cutaneous component. At least some of these appear incompletely penetrant, as reports of skin fragility-woolly hair syndrome subjects with one truncating mutation describe absence of apparent cardiac disease (26, 28) and some adult carriers for truncating DSP mutations in families with recessive disease have received extensive cardiac workups and are apparently without a cardiac phenotype (11) . The original reports of striate PPK due to truncating mutations in SR4 did not describe a cardiac phenotype, although one of the two mutations has subsequently been reported to cause heart disease (25) . In this context, one could hypothesize that haploinsufficiency for full-length DSP predisposes to cardiomyopathy, but is not overtly pathogenic in the skin and other organ systems, with the exception of truncations occurring specifically within SR4 which cause cutaneous disease isolated to the palms and soles. Since mutations that cause arrhythmogenic cardiomyopathy alone occur throughout DSP, both 5′ and 3′ to those causing striate PPK, the phenotypic differences cannot be explained by merely how N-terminal the mutation is, and are likely also related to the exact nature of mutant transcripts and the extent of their expression; nonsense-mediated decay is incomplete for some DSP mutations, with demonstrated expression of truncated polypeptides (11) .
While much is known about cardiac and/or cutaneous disease resulting from mutation in desmosomal components, cardiac defects have not been previously associated with generalized erythrokeratodermia, nor with severe ichthyosis. Notably, EKC syndrome is due to tightly clustered mutations in a short span of the SR6 domain of DSP with consistent substitution of proline for the native residue, suggesting a unique and specific pathobiology leading to widespread erythrokeratodermia. Prior to our discovery of pathogenic DSP mutations, neither case 244 nor case 380 had been diagnosed with cardiomyopathy; case 380 had never previously received a cardiac workup. The subsequent diagnosis of cardiac defects in both of these subjects highlights the critical, potentially life-saving importance of this genetic discovery, which necessitates consideration of cardiac disease and genetic diagnosis in all patients presenting with erythrokeratodermia in clinical practice.
Materials and Methods
DOK cohort
The Yale Human Investigation Committee approved the study protocol, consistent with the Declaration of Helsinki guidelines, and subjects provided verbal and written informed consent. There were 496 kindreds in the DOK cohort at the time of manuscript preparation. Genomic DNA was isolated from blood using a standard phenol-chloroform protocol.
Exome sequencing
Bar-coded DNA libraries were prepared and exome capture was performed (EZ Exome 2.0, Roche, Basel, Switzerland) by the Yale Center for Genome Analysis. Illumina HiSeq 2000 and 2500 instruments were used for sequencing samples pooled 6 per lane, with 75 bp paired-end reads. Resulting reads were aligned to the human reference genome (hg19) with ELAND software (Illumina, San Diego, CA), sequence was trimmed to targeted intervals, PCR duplicates were removed, and single nucleotide and indel variants were identified using SAMtools software. Variants were annotated for functional impact, and filtered to examine coding mutations with SAMtools quality scores ≥50 and to exclude frequent variants present in dbSNP, 1000 Genomes, the NHLBI exome database, and 2577 control exomes. The Broad Institute ExAC database was used to further assess mutations for novelty. Aligned reads were examined with the Broad Institute Integrative Genomics Viewer (IGV).
Sanger sequencing
Verification of DSP mutations and sequencing of parental DNA was performed via PCR using Kapa 2G Fast polymerase (Kapa Biosystems, Woburn, MA) and Sanger sequencing. Primers were designed with ExonPrimer and SNPmasker.
Antibodies
The following primary antibodies were used: for tissue immunofluorescence, guinea pig anti-DSP (1:50, DP-1, Progen), mouse anti-DSG1 (1:10, 61002, Progen), rabbit anti-JUP (1:100, ab15153, Abcam), mouse anti-KRT10 (1:200, sc-53252, Santa Cruz), and rabbit anti-Cx43 (1:100, ab11370, Abcam); for NHEK immunofluorescence, mouse anti-GFP (JL8, Living Colors) and rabbit anti-Cx43 (AB1728; EMD Millipore). The following secondary antibodies were used: for tissue immunofluorescence, cyanine-conjugated donkey antiguinea pig (1:200 Cy5), anti-mouse (1:800, Cy3 for DSG1; 1:200, Cy2 for KRT10), and anti-rabbit (1:800 Cy3) (Jackson ImmunoResearch); for NHEK immunofluorescence, Alexa Fluor-conjugated goat anti-mouse (488) and anti-rabbit (568) (Invitrogen).
Tissue immunofluorescence
5 μm FFPE tissue sections were deparaffinized with a xyleneethanol gradient and rinsed in PBS. Antigen retrieval was performed by immersion in modified citrate buffer (10 m sodium citrate, 0.05% Tween 20, pH 6.0) for 20 min in a steamer. Slides were cooled and rinsed in PBS. Tissue was permeabilized with 10% donkey serum/1% BSA/0.1% Triton X100 for 10 min, and blocked with 10% donkey serum/1% BSA for 1 h. Slides were incubated with primary and secondary antibodies and DAPI nuclear counterstain for 2 h, 1 h and 3 min respectively, with three PBS washes following incubations, and mounted with Mowiol/1% n-propyl gallate (Polysciences).
Generation of DSPII constructs
Nucleotides 3584-5380 of a GFP-tagged, full-length, wild-type human DSPI construct were spliced out to generate a GFP-tagged DSPII construct (42) , which was cloned into the pENTR/D-TOPO Gateway vector (Invitrogen) and inserted into the LZRS retroviral vector to generate a retroviral DSPII-GFP construct. Site-specific mutant DSPII-GFP constructs were generated using the QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies).
Cell culture
Normal human epidermal keratinocytes (NHEKs) were cultured in M154 medium (Invitrogen) at 0.07 m Ca 2+ and supplemented with human keratinocyte growth supplement and gentamycin/ amphotericin B solution (Invitrogen). To induce differentiation, NHEKs were seeded onto glass coverslips, grown to confluence, and switched to high Ca 2+ medium 154 (containing 1.2 m
CaCl 2 ) for 24 h. The Phoenix packaging cell line was maintained in DMEM (Mediatech) supplemented with 10% FBS (Atlanta Biologicals) and penicillin/streptomycin solution (Sigma-Aldrich). Phoenix cells were transfected with DSPII-GFP constructs and switched into 1 μg/ml puromycin selection media 48 h after transfection. Following drug selection, cells were incubated at 32°C for 16-24 h and viral supernatant was collected and concentrated using Amicon Ultra-15 Centrifugal Filter units (EMD Millipore). To infect NHEKs, viral supernatant with 4 μg/ml polybrene was added to undifferentiated cells for 90 min at 32°C, followed by two PBS washes and a return to 37°C with fresh media.
NHEK immunofluorescence
NHEKs plated onto glass coverslips were washed in PBS and fixed by submersion in anhydrous methanol for 2 min at −20°C. Cells were incubated with primary and secondary antibodies for 1 h and 30 min respectively, with three PBS washes following incubations. Coverslips were mounted onto slides using polyvinyl alcohol (Sigma-Aldrich). ImageJ software was used to quantify cell junction localization of DSPII-GFP and Cx43. Data was normalized to wild-type. P-values were calculated using two-tailed, two-sample unequal variance Student's t-tests. Error bars represent SEM.
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